1. Introduction {#sec1}
===============

The liver is the primary site for metabolism of macronutrients, which makes it susceptible to fatty liver, injury, and inflammation \[[@bib1]\]. Lipids from dietary intake are emulsified and hydrolyzed in the intestinal tract by the bile acids. Enterocytes absorb the hydrolyzed lipids and pack them into nascent chylomicrons. They enter the bloodstream, where they receive apoC-II in order to activate lipoprotein lipase for digesting chylomicron triacylglycerols into fatty acids and glycerol \[[@bib2]\]. Fatty acids are partially stored in adipose tissues, where lipolysis may occur to produce free fatty acids in certain conditions through the control of insulin and molecular signals. Free fatty acids are metabolized through three major pathways: (1) esterification of free fatty acids into triglycerides, as well as sequestration into LD (lipid droplets); (2) recycled into very low density lipoprotein (VLDL) \[[@bib3]\]; and β-oxidation in hepatocyte mitochondria \[[@bib4], [@bib5]\]. These free fatty acids are transported to hepatocyte via fatty acid transporter proteins (FATP), with FATP2 and FATP5 acting as the major facilitators for the transport \[[@bib6]\]. The CD36/fatty acid translocase is also known as a facilitator for the fatty acid uptake \[[@bib7], [@bib8]\].

Under normal conditions, β-oxidation of the short-, medium-, and long-chain fatty acids occurs in the mitochondria. In the cytosol, the long-chain fatty acids are activated and transformed into acetyl-coA, which is then shuttled across the membrane via CPT-1 (carnitine palmitoyltransferase-1) \[[@bib4]\]. Regulation of the fatty acids also involves FGF21, especially when an individual is fasting or on a high-fat or ketogenic diet \[[@bib9]\]. Under these conditions, the insulin resistance and fatty acids increase. The long-chain and very long-chain fatty acids are oxidized into peroxisomes and endoplasmic reticulum. Acetyl-coA is then further processed via the TCA (tricarboxylic acid cycle) into ketone bodies \[[@bib10]\]. As an important product involved in the TCA cycle, the acetyl-coA is linking the lipid and glucose metabolism in the liver \[[@bib4]\].

Glucose in the bloodstream is taken up via GLUT2 (glucose transporter 2) into hepatocyte, via the portal vein. GLUT2 is a membrane glucose transporter and insulin independent, with a high capacity and low affinity to glucose \[[@bib11]\]. Phosphorylation of glucose into glucose 6 phosphate is induced by the liver GCK (glucokinase) \[[@bib12]\]. Depending on the metabolic state, glucose 6 phosphate will be degraded during glycolysis to form 2 ATP and 2 NADH molecules per glucose molecule or be stored in the form of glycogen. Pyruvate is the glycolysis product which will further decarboxylate into acetyl-coA, which enters the TCA cycle or to be used as a substrate for de novo lipogenesis (DNL) \[[@bib4]\].

Autophagy has been reported as an important regulator of lipid metabolism and storage, including regulation of LD degradation. Singh et al. revealed the importance of autophagy in the LD degradation \[[@bib13], [@bib14], [@bib15]\]. LDs are deposits of the lipid ester intracellular, surrounded by phospholipid monolayers and separated from the hydrophilic cytosolic environment by perilipins. If the liver fails to control lipid accumulation in the hepatocytes, pathogenic conditions such as fatty liver can occur. Autophagy is involved in the mechanism that controls the growth of LDs in the liver \[[@bib16]\]. Pi et al. proved that chronic training has an important role in regulating lipid homeostasis via autophagy \[[@bib17]\].

It has been well known that chronic aerobic training is an effective method to improve health through various cellular and molecular pathways, including molecular pathways which are involved in lipid and glucose metabolisms \[[@bib18], [@bib19]\]. The benefit of this training is correlated with the intensity of the training itself. Lipid is preferred as the main fuel for lower intensity, while at higher intensity, the glucose becomes more prominent, according to the crossover concept \[[@bib20]\]. Skeletal muscles use circulatory substrates in low intensity. But, in higher intensity, the source of the substrate shifts to triglycerides and glycogen in the muscles \[[@bib21]\].

Taken together, different intensities of chronic treadmill training might be associated with histopathology changes and involved in regulating autophagy processes, specifically for lipid metabolism (hepatic lipophagy). This process is very important for preventing excessive accumulation of lipids. However, the molecular mechanism behind the effects of different intensities of chronic treadmill training on hepatic autophagy remains unclear. In this study, we postulate that different intensities of training induce differences in histopathology, which might be correlated with autophagy in the liver.

2. Material and methods {#sec2}
=======================

2.1. Animals {#sec2.1}
------------

Male wistar rats (n = 20) at 8 weeks of age were ordered from PT. Biofarma, Bandung, Indonesia, and divided into four groups. The rats were group-housed at room temperature around ±22--24 °C, under a 12:12 h light-dark cycle, and allowed access to food and water ad libitum. The rats were fed with the standard chow diet that provides 47.3% carbohydrate, 20% protein, 4% fat, 4% fiber, 12% water, 12% calcium, and 0.7% phosphorus. This standard chow diet was given to maximize the effect of training-induced liver metabolism, and to minimize the confounding factors that occur due to dietary fat and carbohydrate compositions. All procedures were conducted according to the stipulated guidelines for the use and care of laboratory animals \[[@bib22]\], and were approved by the Research Ethics Committee of the Faculty of Medicine, Universitas Kristen Maranatha-Rumah Sakit Immanuel Bandung No 093/KEP/V/2019.

2.2. Treadmill training protocol {#sec2.2}
--------------------------------

All rats were habituated to the environment for two weeks, and continued with habituation on the treadmill for two weeks using standardized treadmill. Following adopted protocol from Lesmana et al. 2016, we used treadmill speed of 20 m/min for 30 min as baseline since it stimulated lactate threshold and considered as moderate intensity. Then based on lactate threshold, we defined the training protocol: speed at 10 m/min for 30 min as low intensity (sub-lactate); and speed at 30 m/min for 30 min as high intensity (supra-lactate) \[[@bib23]\]. To test the training-induced adaptation at different intensities (n = 5), the rats ran on the treadmill for 8 weeks, 5 days/week, 30 min/day. All training sessions were performed during the light cycle between 8 and 12 AM. Non-training rats served as the sedentary control (n = 5). At the end of the study, the rats were anesthetized with 5% inhaled isoflurane until one minute after the breathing stopped. The serum was isolated from the heart\'s blood flow, whereas the livers were collected, weighed, and either: 1) snap frozen in liquid nitrogen and stored at -80 °C for further use, or 2) fixed in formalin for hematoxylin eosin and oil red O staining. Harvest time was done immediately after the last training sessions in each group.

2.3. Biochemistry assay {#sec2.3}
-----------------------

Serum AST/aspartate aminotransferase, ALT/alanine aminotransferase, CHOL/cholesterol, TG/triglyceride, and HDL/high density lipoproteins were measured via spectrophotometry using a commercially available kit (Randox, United Kingdom), according to the manufacturer\'s instructions. Samples were exposed to the mixture from the kit, and were incubated at 37 °C for 5 min. The absorbance was measured at 340 nm for AST and ALT, and 500 nm for CHOL, TG, and HDL using a microplate reader (M200 Pro, Tecan, Morrisville, NC).

2.4. Histopathological analysis {#sec2.4}
-------------------------------

### 2.4.1. Hematoxylin and eosin (H&E staining) {#sec2.4.1}

Parts of the liver were excised, and fixed in a buffered paraformaldehyde solution (4%). After being dehydrated in a grade alcohol series and embedded in paraffin wax, 2-*μ*m thick sections were prepared and stained with H&E for histopathology visualization using a LEICA ICC50 HD microscope at 400x magnification. An expert pathologist conducted a blind histopathological analysis of the liver samples. The samples were evaluated for the level of congestion/sinusoidal dilatation, cloudy swelling/injury, and inflammation. The level of congestion or sinusoidal dilatation was graded as follows: 0 = No congestion/sinusoidal dilatation, 1 = Mild congestion or centrilobular (zone III) sinusoidal dilatation, 2 = Moderate congestion or centrilobular (zone II) sinusoidal dilatation, 3 = Severe congestion or centrilobular (zone I) sinusoidal dilatation. The level of cloudy swelling/hepatic injury was graded as follows: 0 = No cloudy swelling/hepatic injury, 1 = Mild cloudy swelling/hepatic injury (zone III), 2 = Moderate cloudy swelling/hepatic injury (zone II), 3 = Severe cloudy swelling/hepatic injury (zone I). The severity of the inflammation was graded as follows: 0 = No hepatic inflammation, 1 = Mild hepatic inflammation or periportal inflammation, 2 = Moderate hepatic inflammation or periportal and intraparenchym inflammation, 3 = Severe hepatic inflammation or periportal and intraparenchym inflammation with bridging necrosis. These characteristics were adapted from another study with some modification applied \[[@bib24]\]. Geometric representation of a hepatic lobule (Zone I, II, III) and a schematic representation of a sinusoid, as well as the corresponding zonation associated with lipid metabolism in the liver is shown in the Supplemental Figure 3 \[[@bib1]\].

### 2.4.2. Oil red O staining {#sec2.4.2}

0.5 g oil red O (OA, Sigma-Aldrich) was dissolved in 100 ml isopropanol to make the oil red O stock stain. 30 ml of the stock stain was diluted with 20 ml of distilled water to make the oil red O working solution. The liver tissues were cut at 2 mm, fixed in formalin, paraffinized and hydrated. After deparaffinized and rehydrated the slides with xylene and ethanol, we stained them with freshly prepared oil red O working solutions for 15 min. They were then rinsed with 60% isopropanol, and then lightly stained with hematoxylin for 4 min. After rinsing with distilled water, Entellan (Merck, Germany) was applied to mount the slides. The lipid droplets (LDs) were stained in red and were assessed using a LEICA ICC50 HD microscope. The number of lipid droplets per field was obtained from the average number of lipid droplets per 10 fields of each Wistar rat liver slide. The number of lipid droplets calculation was performed using the multipoint function of ImageJ.

2.5. RNA extractions and semi-quantitative PCR {#sec2.5}
----------------------------------------------

The total RNA was extracted from frozen liver tissues with the use TRIsure reagent (Bioline, United Kingdom) according to the manufacturer\'s instructions. The concentration and quality of the RNA extractions were analyzed by measurements at 268/280 nm absorbance spectrophotometry (M200 Pro, Tecan, Morrisville, NC). The One Step RT PCR Kit (Bioline, United Kingdom) was used to conduct semiquantitative PCR. The GAPDH was used as a housekeeping gene. Electrophoresis Gels were visualized using BluePad Detection systems and Image J was used for visualization and quantification of the PCR band. [Table 1](#tbl1){ref-type="table"} provides a list of primer sequences used in this study.Table 1Primers used for Semi quantitative-PCR analysis.Table 1Gene SymbolPrimer Sequence (5′ to 3′)\
Upper strand: sense\
Lower strand: antisenseProduct\
Size (bp)Annealing (^o^C)CycleReferencesLC3GGTCCAGTTGTGCCTTTATTGA15359,535\[[@bib43]\]GTGTGTGGGTTGTGTACGTCGp62CTAGGCATCGAGGTTGACATT1165635\[[@bib44]\]CTTGGCTGAGTACCACTCTTATCCPT1aGTCCCAGCTGTCAAAGATACCG2455835\[[@bib45]\]ATGGCGTAGTAGTTGCTGTTAACCCD36CCTCGGATGGCTAGCTGATT18957.535\[[@bib46]\]AGAGCACTTGCTTCTTGCCAFATP2AGTACATCGGTGAACTGCTTCGGT1746135\[[@bib47]\]TGCCTTCAGTGGAAGCGTAGAACTFATP3CTGGGACGAGCTAGAGGAAG1045835\[[@bib48]\]GCTGAGGCCAGAGGTCTAACFATP5TTCAGGGACCACTGGACTTCCAAA1056135\[[@bib49]\]ACCACATCATCAGCTGTTCTCCCAGLUT2GGCTAATTTCAGGACTGGTT2785535\[[@bib50]\]TTTCTTTGCCCTGACTTCCTFGF21CACACCGCAGTCCAGAAAG775835\[[@bib51]\]GGCTTTGACACCCAGGATTGAPDHGTTACCAGGGCTGCCTTCTC1776135\[[@bib52]\]GATGGTGATGGGTTTCCCGT

2.6. Western blotting {#sec2.6}
---------------------

We dissected liver tissues from the rats, weighed the tissue, and lysed them in lysis buffers mixed with protease inhibitors. The protein samples were centrifuged, and then combined with sample buffers (containing beta-mercaptoetanol) followed by heat denaturation processes (95 °C) for five minutes. Equal amounts of samples underwent electrophoresis in a SDS-PAGE Gel for 60 min at 120 V, and then transferred to a nitrocellulose membrane for one hour at 200 miliAmpere at room temperature. These samples were then blocked overnight using a 1% blocking reagent (Skim Milk) in a Tris-buffered with 0.1% Tween 20. Immunoblotting was performed using a rabbit monoclonal LC3 (\#12741) and rabbit polyclonal p62 (\#5114) which was purchased from Cell Signaling; mouse monoclonal Beclin (MAB5295-SP) and ATG5 (MAB5294-SP) from R & D Systems; as well as a mouse monoclonal Glyceraldehyde-3-Phosphate Dehydrogenase/GAPDH (AM4300) from ThermoFisher Scientific, with dilution ratio of 1:1000. The secondary antibody was used accordingly with constant dilution ratio of 1:15000. The anti-mouse (31432) and anti-rabbit (31460) antibodies were purchased from ThermoFisher Scientific. The protein expressions were detected using a chemiluminescence reagent (GE Healthcare, USA), imaged (LI-COR C-DiGit Chemiluminescence; and LI-COR LICOR ODYSSEY®+ CLx Infrared Imaging System, USA). The band intensities were determined using the LiCOR Quantification Software. Every blot was stripped using the stripping buffer from Thermo Scientific following the recommended procedures, and re-probed using an internal control primary antibody, GAPDH, as an internal control to monitor the integrity of the protein \[[@bib25]\].

2.7. Statistics {#sec2.7}
---------------

The data was expressed as the mean ± standard of error mean (SEM) and analyzed using the SPSS 20.0 statistical software (SPSS Inc., USA). The comparisons between groups were analyzed using the One Way ANOVA or Kruskal Wallis, followed by post hoc analysis LSD, or the Mann Whitney test (for data without normal distributions), with a *p* \< 0.05 in order to be considered statistically significant.

3. Results {#sec3}
==========

3.1. Effects of training on percentage increase in body weight, liver weight, and liver weight/body weight ratio {#sec3.1}
----------------------------------------------------------------------------------------------------------------

All groups have a similar body weight at the beginning of the research study (200 ± 50 g). After termination, the body and liver weights were recorded, and the percentage increase in the body weight and ratio of the liver weight/body weight was calculated. At the end of the research, it was seen across all training groups (low, moderate, and high) that a significant decrease in body weight (53.95% ± 3.80; 53.05% ± 4.68; 24.11% ± 3.47) was found compared to the control (69.97% ± 5.74), as shown in [Figure 1](#fig1){ref-type="fig"}A. The liver weight ([Figure 1](#fig1){ref-type="fig"}B) and the liver weight/body weight ratio ([Figure 1](#fig1){ref-type="fig"}C) showed no difference compared to the control, respectively.Figure 1Evaluation of the percentage increase in body weight, liver weight, and liver weight/body weight ratio in the rats after 8 weeks\' training with different intensities. \[A\] % Increase in body weight was significantly lower in the low and moderate intensities compared to control (a), high intensity compared to control (b), between low intensity and high intensity, (c) and between moderate intensity and high intensity (d). \[B\] Liver weight after 8 weeks of treadmill training showed no significant differences between all training groups compared to control. \[C\] Liver weight/body weight ratio after 8 weeks of treadmill training also showed no significant differences between all training groups, compared to control. Data was presented as an average mean ± standard error of mean (SEM) with *p* \< 0.05 being considered as significant (∗) and *p* \< 0.01 considered as very significant (∗∗).Figure 1

3.2. Training decreased triglyceride serums, but No change in cholesterol, HDL, AST, and ALT {#sec3.2}
--------------------------------------------------------------------------------------------

We found that triglycerides decreased in moderate and high intensities of training compared to the control, but no differences were noticed among the total cholesterol, HDL, AST, and ALT samples in the serums of the Wistar rats ([Figure 2](#fig2){ref-type="fig"}).Figure 2Levels of serum AST, ALT, triglyceride, cholesterol, and HDL after 8 weeks of treadmill training with different intensities. \[A\] No change of serum AST and ALT levels in all groups. \[B\] The high intensity group significantly decreased in terms of the serum triglyceride, but no change in the serum cholesterol and HDL was seen. No change of serum triglyceride in the low intensity, and no significant change of the cholesterol and HDL levels across all training groups was found, compared to the control. Data was presented as an average mean ± standard error of mean (SEM), with *p* \< 0.05 being considered as significant (∗).Figure 2

3.3. Effects of training on liver histopathology {#sec3.3}
------------------------------------------------

Liver histopathology appearances in all groups are shown in [Figure 3](#fig3){ref-type="fig"}A, and the characteristics of the congestion/sinusoidal dilatation, cloudy swelling/injuries, and inflammation in all groups are presented in [Figure 3](#fig3){ref-type="fig"}B.Figure 3Photomicrographs of the liver section in the control and training groups after 8 weeks of treadmill training with different intensities. \[A1-4\] Representative photomicrographs of the general appearances from the liver parenchyma after H&E staining (400x) in the control (A1), low intensity (A2), moderate intensity (A3), and high intensity samples (A4). \[B1-4\] Representative photomicrographs after H&E staining (400x) showing sinusoidal dilatation (B1), vena congestion and sinusoidal dilatation (B2), cloudy swelling/injury (B3), and periportal and intraparenchym inflammation (B4). \[C1-3\] Percentage of Wistar rat liver with level of congestion/sinusoidal dilatation \[C1\], cloudy swelling/injury \[C2\], and inflammation \[C3\].Figure 3

In [Figure 3](#fig3){ref-type="fig"}C, percentage of Wistar rat liver with the histopathology scoring of congestion/sinusoidal dilatation ([Figure C1](#fig3){ref-type="fig"}), cloudy swelling/injury ([Figure C2](#fig3){ref-type="fig"}), and inflammation ([Figure C3](#fig3){ref-type="fig"}) after chronic training with different intensities is depicted. As for the level of congestion/sinusoidal dilatation, we found that 40% had no congestion, and 60% of the control samples had mild congestions. For the low intensity samples, 20% had no congestion, and 80% had mild congestion. For the moderate intensity group, 40% had no congestion, 40% had mild congestion, and 20% had moderate congestion. Finally, for the high intensity group, 80% had mild congestion, and 20% had moderate congestion. As for cloudy swelling/injury, we found that 80% had no cloudy swelling, and 20% had mild cloudy swelling in the control. On the other hand, in the low intensity group, 40% had no cloudy swelling, 40% had mild cloudy swelling, and 20% had moderate cloudy swelling. In the moderate intensity group, 80% had mild cloudy swelling, and 20% had moderate cloudy swelling. In the high intensity group, 20% had no cloudy swelling, 60% had mild cloudy swelling, and 20% had moderate cloudy swelling. As for the inflammation, we found that 40% had no inflammation, and 60% had mild inflammation in the control. In the low intensity group, 60% had no inflammation, and 40% had mild inflammation. In the moderate intensity group, 20% had no inflammation, 60% had mild inflammation, and 20% had moderate inflammation. Finally, in the high intensity group, 60% had mild inflammation, and 40% had moderate inflammation.

Chronic training with moderate and high intensities decreased lipid droplets compared to control and low intensities groups, as depicted by oil red O staining of the liver section ([Figure 4](#fig4){ref-type="fig"}A). Number of lipid droplets were calculated in each slide of liver section presented as graph in [Figure 4](#fig4){ref-type="fig"}B.Figure 4Lipid droplets in Wistar rat liver decreases in moderate and high intensities groups compared to control after 8 weeks of treadmill training. \[A1-4\] Representative photomicrographs from the liver parenchyma after oil red O staining (400x) in the control (A1), low intensity (A2), moderate intensity (A3), and high intensity samples (A4). \[B\] The average number of lipid droplets calculated from each slide of Wistar rat liver after oil red O staining (400x) in the control, low intensity, moderate intensity, and high intensity groups.Figure 4

3.4. LC3 and p62 mRNA expressions in wistar rat liver {#sec3.4}
-----------------------------------------------------

In this study, we found a significant decrease of LC3 mRNA expression (Figures [5](#fig5){ref-type="fig"}A and 5B) in low (0.83-fold), moderate (0.86-fold), and high intensities (0.87-fold). There was also a decrease of p62 mRNA expression (Figures [5](#fig5){ref-type="fig"}A and 5B) in moderate (0.86-fold) and high intensities (0.87-fold).Figure 5Autophagy-related mRNA expression in the liver after 8 weeks of treadmill training with different intensities. \[A\] Eight weeks of treadmill training with different intensities modulates LC3 and p62 mRNA expression in rat liver. \[B\] A significant decrease of LC3 mRNA expression was found in all training groups compared to control (a). A significant decrease of p62 mRNA expression was found in moderate and high intensity compared to control (b). Data was presented as average mean ± standard error minimum (SEM) with *p* \< 0.05 considered as significant (∗) and *p* \< 0.01 considered as very significant (∗∗). (∗∗). Representative full, non-adjusted gel images are shown as Supplementary Figure 1.Figure 5

3.5. Beclin, ATG5, LC3 and p62 protein levels in wistar rat liver {#sec3.5}
-----------------------------------------------------------------

We also performed a Western blot analysis, and the results showed a significant increase of Beclin protein levels in low (2.45--fold), moderate (3.08 fold), and high intensities (3.17-fold); ATG5 protein levels in moderate (2.81-fold) and high intensities (2.49-fold) ([Figure 6](#fig6){ref-type="fig"}A dan 6B). As for LC3 protein levels, we found a significant increase in low (1.56-fold), moderate (1.74-fold), and high intensities (twofold); and a significant decrease of p62 protein levels in moderate (0.71-fold) and high intensities (0.65-fold) (Figures [6](#fig6){ref-type="fig"}C and 6D). Increase of Beclin, Atg5, and LC3 protein levels following by a decrease of p62 protein level are reflecting an increase of autophagy activity.Figure 6Autophagy-related protein levels in the liver after 8 weeks of treadmill training with different intensities. \[A\] Eight weeks of treadmill training with different intensities increases Beclin and ATG5 protein levels in rat liver. \[B\] A significant increase of Beclin protein levels was found in all training groups compared to control (a). A significant increase of ATG5 protein levels was found in moderate and high intensities compared to control (b). \[C\] Eight weeks of treadmill training with different intensities modulates LC3 and p62 protein levels in rat liver. \[D\] A significant increase of LC3 protein levels was found in all training groups compared to control (a). A significant decrease of p62 protein levels was found in moderate (b) and high intensities compared to control (c). Data was presented as average mean ± standard error minimum (SEM) with *p* \< 0.05 considered as significant (∗) and *p* \< 0.01 considered as very significant (∗∗). Representative full, non-adjusted blot images are shown as Supplementary Figure 2.Figure 6

3.6. Increased CPT1a mRNA expressions, but No change in CD36, FATP2,3,5, GLUT2, and FGF21 mRNA expression in the liver of wistar rats {#sec3.6}
-------------------------------------------------------------------------------------------------------------------------------------

We found an increased CPT1a mRNA expression across all training groups (low 1.27-fold, moderate 1.24-fold, and high 1.28-fold), but the mRNA expression of the CD36, FATP2,3,5, and GLUT2 was largely unchanged in the liver of the training groups ([Figure 7](#fig7){ref-type="fig"}).Figure 7CPT1a, CD36, FATP, GLUT2, and FGF21 mRNA expressions in the liver after 8 weeks of treadmill training with different intensities. \[A\] Eight weeks of treadmill training with different intensities increased the CPT1a mRNA expressions in the rat liver, but there was no change in the CD36, FATP2, FATP3, FATP5, GLUT2, and FGF21 mRNA expressions. \[B\] A significant increase of the CPT1a mRNA expressions was found in moderate (a), low, and high intensity samples (b) compared to control. No significant change was found for the CD36, FATP, GLUT2, and FGF21 in the mRNA expression between all training groups and control. Data was presented as an average mean ± standard error minimum (SEM), with *p* \< 0.05 considered as significant (∗) and *p* \< 0.01 considered as very significant (∗∗). Representative full, non-adjusted gel images are shown as Supplementary Figure 1.Figure 7

4. Discussion {#sec4}
=============

The liver has the capability to store and assemble glucose, oxidize lipids, and package excess lipids to be stored in tissues \[[@bib1]\]. Ninety percent of endogenous glucose production occurs in the liver, so the liver is crucial for maintaining glucose homeostasis \[[@bib26], [@bib27]\]. As for lipid metabolism, lipoprotein particles form chylomicrons to digest lipids from the intestines before sending them to other organs. Lipoprotein lipase at the liver extracts fatty acids from chylomicrons to digest the lipids from chylomicron and transport them to the hepatocytes via FATP 2, 3, 5, and CD36 \[[@bib1]\]. The next process is esterification of fatty acids, which produces triglyceride and cholesterol ester within the endoplasmic reticulum (ER), and the ER bilayer from the outer leaflet distends, creating precipitation of unique spherical cytosolic organelles in the ER to form a LD, at the key sites of the hepatic lipid metabolism \[[@bib28], [@bib29]\].

Singh et al. have convincingly shown that the consolidation of LD to autophagosome would increase free fatty acids for the use of β-oxidation in the mitochondria \[[@bib14]\]. More importantly, research also showed that autophagic machinery was able to recognize LD from other structures in the cytoplasm, using a process called hepatic lipophagy. The role of hepatic lipophagy, a form of autophagy that targets the LD, is seen to be important to prevent excessive lipid accumulation in the liver \[[@bib15]\]. In lipophagy, an activated membrane bilayer shallows the LD, creating autophagosome which is delivered to the lysosome, where the fatty acids are separated from triglyceride by acid lipases \[[@bib28]\].

The goal of this study is to examine the autophagy-related gene expressions and protein levels in the Wistar rat livers after training under different intensities and to know if the autophagy is correlated with the histopathology and metabolism in the liver. We observed a decrease of LC3 and p62 mRNA expressions in moderate and high intensity groups. As for protein levels, we found a significant increase of Beclin, ATG5, LC3, and a decrease of p62 protein levels in moderate and high intensities compared to the control (Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). Based on protein levels, we concluded that autophagy process in the liver was increased in moderate and high intensities compared to control. Recent studies have confirmed that autophagy increased by training and was beneficial against NAFLD (nonalcoholic fatty liver disease) \[[@bib17]\]. Targets of autophagy are LDs, which then transfer to lysosomes for degradation \[[@bib13], [@bib14], [@bib15]\]. In this study we also found decreased triglyceride serum levels in moderate and high intensity samples ([Figure 2](#fig2){ref-type="fig"}), along with increased autophagy in the same groups, which means autophagy might be possibly involved in the hepatic lipid metabolism by inducing lipophagy.

Animal studies have shown an increased palmitate oxidation in the liver, through the increase of hepatic CPT1a after training. It is an enzyme to help transport fatty acids from the cytosol across the membrane of the mitochondria \[[@bib30], [@bib31]\]. We also found an increased hepatic CPT1a in all training groups compared to the control ([Figure 7](#fig7){ref-type="fig"}). But we found no change in CD36, FATP2, FATP3, FATP5, GLUT2, and FGF21 gene expressions ([Figure 7](#fig7){ref-type="fig"}), suggesting that the change of lipid and glucose metabolism might be involved in another pathway, for example, FABP, SREBP1, ACC1, FAS, PPARα, FINS, FBG \[[@bib17], [@bib30], [@bib31]\].

The result from the histopathology examination ([Figure 3](#fig3){ref-type="fig"}C) showed a slight increase of moderate congestion/sinusoidal dilatation (20% in moderate and high intensity compared to 0% in control), moderate cloudy swelling/injury (20% in all training groups compared to 0% in control), and moderate inflammation (20% in moderate and 40% in high compared to 0% in control). Inflammation could be defined as an immune response in order to establish homeostasis in various tissues after stimulation by many kinds of inducers \[[@bib32], [@bib33]\]. Training as inducer could lead to local and systemic inflammation, which is mediated by cytokine and growth factor signaling \[[@bib34]\]. It also induced muscle tissue trauma and will be repaired through the combined actions of many organs, for example, the brain, kidney, immune system, and liver \[[@bib35], [@bib36]\].

The liver has metabolic zones (zone I, II, and III), which are organized by gradient formation and relevant metabolic processes that occur in each of these zones ([Figure 8](#fig8){ref-type="fig"}) \[[@bib1]\]. These zones can shift in size and location if altered blood flow or hepatocellular damage occurs \[[@bib1]\]. In this study, the vena congestion/sinusoidal dilatation and cloudy swelling/injury shifted to zone 2/intermediate zone (from mild to moderate), indicating that the metabolic zone might also shift from lipogenesis and TG synthesis to β-oxidation. This shift was more prominent in moderate and high intensities compared to low and control samples. Oil red O staining from liver tissues also showed a decrease of LDs in moderate and high intensities compared to control ([Figure 4](#fig4){ref-type="fig"}).Figure 8Geometric and schematic representation of a hepatic lobule and metabolic zonation. \[A\] Geometric representation of a hepatic lobule (zone I, II, III). \[B\] Schematic representation of a sinusoid and the corresponding zonation associated with lipid metabolism in the liver (modified from Trefts et al., 2017).Figure 8

There is a limited study about the importance of training intensities in determining lipid metabolism in liver. We had found several studies that directly linking the exercise to the clinical diseases treatment like Non-Alcoholic Fatty Liver Disease/NAFLD in mice \[[@bib37]\] and in human \[[@bib5], [@bib38], [@bib39], [@bib40]\]. Research about training intensities showed a significant effect of high intensity interval training in reducing liver fat in NAFLD \[[@bib41]\], while other study in overweight/obese adults showed no difference between different regimens of training intensities \[[@bib42]\]. In those studies, important perspective about physiological role of different training intensities itself were not well elucidated. Therefore in the present study, we had provided a schematic figure to simplify the potential physiological mechanism of different training intensities in regulating lipid metabolism in liver via autophagy ([Figure 9](#fig9){ref-type="fig"}).Figure 9Schematic figure to simplify the potential physiological mechanism of different training intensities in regulating lipid metabolism in liver via autophagy.Figure 9

This study provides a molecular biology approach for describing potential physiological role of training intensities in lipid metabolism. It will enrich the knowledge about the role of optimum intensity in controlling risk factor like obesity (weight management or weight loss program) or improving recovery and treatment for several illness like Non-Alcoholic Fatty Liver Disease, Fatty Liver, obesity or other metabolic diseases.

In the present study, we presented a potential link between training intensities, autophagy and lipid metabolism. Our study suggested that specific training intensities (moderate and high) might induce autophagy which play an important in lipid metabolism and potentially correlated with fat reduction in the liver. We observed that moderate and high intensities were more beneficial in the highlight of reducing fat accumulation in the liver. However, several details needs to be investigated, especially liver micrograph study using electron microscope (lipophagy); and also further study in human would be very important for clinical implementation.

The limitation of this study is we did not use female rats, so we could not determine sex-specific differences between all training groups and control. In addition, the glucose and amino acid metabolism in the liver was not investigated. This may potentially also be associated with histopathology and autophagy.

5. Conclusion {#sec5}
=============

There is a very limited study about physiological role of different training intensities linked with autophagy and histopathology appearances which is potentially associated with lipid metabolism in wistar rat liver. In summary, we presented that moderate and high intensities of training induced autophagy activity and it is in line with changes in histopathology of the liver, a shift in metabolic zonation, we believe that it might be potentially correlated with lipophagy. Taken together, moderate and high intensities training are more likely beneficial for reducing fat deposition in liver. In the highlight of physiological application, we believe that moderate and high intensities training might be more suitable for weight loss and weight maintenance program. However, further study like liver micrograph examination using electron microscope is important for clarifiying lipophagy process in liver; and in addition, similar study in human would be very important for further implementation as a preventive protocol against metabolic disorders.
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